The collective response of charged particles to intense fields is intrinsic to plasma accelerators and radiation sources, relativistic optics and many astrophysical phenomena. Here we show that the fundamental optical process of diffraction occurs via the generation of a relativistic plasma aperture in thin foils undergoing relativistic induced transparency. The plasma electrons collectively respond to the resulting near-field diffraction pattern, producing a beam of energetic electrons with spatial structure which can be controlled by variation of the laser polarization, wavelength and focused intensity profile. The concept is demonstrated numerically and verified experimentally. The results provide new understanding of the formation of current structures in the relativistically transparent regime of laser-plasma interactions and is a viable step towards optical control of charged particle dynamics in laser-driven sources. * Electronic address: paul.mckenna@strath.ac.uk 1 The formation of current structures due to the collective response of charged particles to a perturbation is one of the most fundamental properties of plasma. This is manifest in plasma dynamics ranging from flares and X-ray jets on the sun to disruptive instabilities in fusion plasmas. This feature is also exploited to great effect in the development of compact laser-based particle accelerators and radiation sources, which have wide-ranging potential applications in science, medicine and industry. Controlling the collective motion of plasma electrons in response to perturbation produced by intense laser light is key to the development of these novel sources. Pertinent examples in plasma with density low enough for laser light to propagate (underdense plasma) include the self-generated plasma cavity or 'bubble' produced in laser-driven wakefield acceleration [1] and plasma channels [2] . These structures are formed principally by the ponderomotive force induced by the propagating laser pulse, which expels electrons from the regions of high laser intensity, and by self-generated fields induced by the current displacement [3] . Shaping the spatial-intensity profile of a laser focus enables control over the collective electron motion and thereby the properties of the beams of high energy particles and radiation produced. In the case of wakefield acceleration, for example, the laser focal spot size is matched to the size of the plasma bubble as defined by the characteristic plasma oscillation frequency in order to optimize the acceleration [4] . For ultrashort pulses the degree of control on the intensity profile is typically limited to variation of the laser focal spot size by changing the F-number of the focusing optic or by using a deformable mirror to control the laser wavefront.
The formation of current structures due to the collective response of charged particles to a perturbation is one of the most fundamental properties of plasma. This is manifest in plasma dynamics ranging from flares and X-ray jets on the sun to disruptive instabilities in fusion plasmas. This feature is also exploited to great effect in the development of compact laser-based particle accelerators and radiation sources, which have wide-ranging potential applications in science, medicine and industry. Controlling the collective motion of plasma electrons in response to perturbation produced by intense laser light is key to the development of these novel sources. Pertinent examples in plasma with density low enough for laser light to propagate (underdense plasma) include the self-generated plasma cavity or 'bubble' produced in laser-driven wakefield acceleration [1] and plasma channels [2] . These structures are formed principally by the ponderomotive force induced by the propagating laser pulse, which expels electrons from the regions of high laser intensity, and by self-generated fields induced by the current displacement [3] . Shaping the spatial-intensity profile of a laser focus enables control over the collective electron motion and thereby the properties of the beams of high energy particles and radiation produced. In the case of wakefield acceleration, for example, the laser focal spot size is matched to the size of the plasma bubble as defined by the characteristic plasma oscillation frequency in order to optimize the acceleration [4] . For ultrashort pulses the degree of control on the intensity profile is typically limited to variation of the laser focal spot size by changing the F-number of the focusing optic or by using a deformable mirror to control the laser wavefront.
In the case of solid targets used for ion acceleration [5, 6] and high harmonic generation [7, 8] , the laser light can propagate only to the region of the critical density at which the plasma frequency is equal to the laser light frequency. At the peak laser intensities achievable at present, plasma electrons oscillate at relativistic velocities such that an ultrathin foil undergoing expansion becomes relativistically transparent to the laser pulse [9] [10] [11] [12] [13] [14] [15] . Transparency can also be achieved if the electron layer is compressed to a thickness less than the plasma skin depth [16, 17] . The onset of transparency has been shown to affect the rising edge profile, duration and polarization of intense laser pulses [18] [19] [20] [21] and the effect is important in driving new ion acceleration [22, 23] and radiation production [24-27] mechanisms. For the first time, we demonstrate that the intense laser light transmitted in ultrathin foil targets undergoing transparency is subject to the fun-damental optical process of diffraction produced by a self-generated circular 'relativistic plasma aperture' and that the resulting near-field diffraction pattern defines the collective plasma dynamics. It is shown, via particle-in-cell (PIC) simulations and experiment, that this determines the spatial-intensity distribution of the beam of relativistic electrons accelerated, thus providing fundamental new understanding of current structure formation in the relativistic induced transparency (RIT) regime of laser-plasma interactions.
We demonstrate control of the electron distribution by variation of the laser polarization to induce dynamic diffraction patterns.
NEAR-FIELD DIFFRACTION DURING RELATIVISTIC INDUCED TRANSPARENCY
The interference of waves which encounter a pinhole (or other obstacle) that is comparable in size to the wavelength gives rise to diffraction phenomenon according to the Huygens-Fresnel principle [28, 29] . In the case of a thin foil target undergoing RIT, a region of the target near the peak of the focused intensity becomes relativistically underdense to the laser light. In this region n e < n c , where n e is the plasma electron density and n c = γm e 0 ω 2 L /e 2 is the relativistically corrected critical plasma density (γ is the Lorentz factor, m e is the electron rest mass, 0 is the vacuum permittivity, ω L is the angular laser frequency and e is the electron charge). The diameter of this circular region, shown schematically in Fig. 1a for a Gaussian laser pulse, depends on the intensity profile of the focal spot and the plasma expansion characteristics. It will typically be of the order of the full width at half maximum (FWHM) of the laser focus and therefore ∼2-3 times the laser wavelength for a tightly focused (near diffraction limited) beam. Thus, after formation of this aperture on the pulse rising edge, the conditions are ideal for strong diffraction of the remainder of the laser pulse propagating through it.
We begin by considering the near-field diffraction pattern for the idealized case of a fixed aperture, i.e. without plasma evolution effects. Figure 1b shows 3D PIC simulation results in which a laser pulse with focal spot diameter of 3 µm (FWHM) is passed through a fixed 3 µm diameter circular aperture. The intensity distribution patterns in the Y-Z plane at three example X positions are shown in Fig. 1c . The near-field pattern (i.e. at small X) is observed to vary strongly with position from an analogous even-IG 20 mode (Ince-Gaussian mode with ellipticity 0.1) at X = 0.4 µm to the odd-IG 11 mode at X = 1.2 µm. The pattern diffracts into an even-IG 00 mode in the far-field. The distribution is fully described by a vectorial analysis using Hertz Vector Diffraction Theory (HVDT) [30] , as shown in Fig. 1d .
Next we replace the fixed aperture target with a uniform thin foil (i.e. initially without aperture) and investigate the laser-generated 'relativistic plasma aperture', the effect this has on the propagating laser light and in turn how the evolving laser spatial profile influences the beam of fast electrons accelerated forward. This is investigated using full 3D PIC simulations for the same laser pulse and target parameters as the experiment discussed below. Furthermore, the simulation clearly shows that the accelerated electrons respond to the diffracted laser intensity distribution. In Fig. 2c , at the X position at which the electron density is highest on axis (X∼1 µm), the laser profile has a double diffraction lobe distribution orientated perpendicular to the polarization direction, similar to the distribution shown in Fig. 1d , and an Airy disk distribution in the far field (X>4 µm), again similar to the far-field pattern in Fig. 1d . The electrons in the region of the double diffraction lobe are subject to a transverse ponderomotive force in the plane of the target, as shown by the hollow black arrows (from field mapping) in Fig. 2d . This drives the electrons into a double lobe distribution, perpendicular to the laser polarization direction. A smaller number of electrons are also trapped on-axis between the opposing ponderomotive forces of similar magnitude produced by the two laser diffraction nodes.
POLARIZATION SENSITIVITY
Given that diffraction in the near-field is sensitive to laser polarization, we next consider the extent to which the electron beam spatial distribution can be controlled by changing the polarization. The results in Fig. 2a-d We note that the use of circularly polarized light results in significantly less electron heating and expansion and consequently more radiation-pressure-driven target deformation. RIT therefore occurs later in the interaction, producing a smaller aperture compared to the linear and elliptical cases.
The rotating laser diffraction structure instigates an in-phase rotation of a structure in the plasma electron density as shown in the time-resolved results in Fig. 3 . The structure continues to rotate after the laser pulse has decayed, at ∼120 fs, resulting in a twocomponent electron distribution: a main high energy component rotating with a small radius of curvature about the propagation axis and a lower density of electrons which 'escape' from the rotating structure to larger radii, as shown in Fig. 3c .
The behaviour predicted in these simulations was tested experimentally using the Gemini laser [31] , which delivers light with a central wavelength of 800 nm in pulses with 40 fs FWHM duration. The peak laser intensity for these measurements was 6×10 20 Wcm −2 and the targets were 10 nm-thick Al. We note that a double lobe electron density structure was observed in 3D simulations of ion acceleration in relativistically transparent thin foils by Yin et al [32] , using linearly polarized laser light. In the analytical theory presented in that paper, the asymmetric double lobe effect is attributed to the plasma response to the radially symmetric laser intensity profile, and specifically to the combination of oscillatory and nonoscillatory electron momentum components in the plane perpendicular to the laser propagation direction. We have previously reported an experimental observation of a similar double lobe structure, but again only for linearly polarized light [33] . By investigating the sensitivity of the electron distribution to the drive laser polarization, numerically and experimentally, the present study reveals that the underpinning physics giving rise to the lobe features arises from diffraction. This is further confirmed by simulations discussed below in which the relativistic plasma aperture diameter is varied.
ELECTRON SPATIAL PROFILE DEPENDENCE ON APERTURE SIZE
The relativistic plasma aperture diameter is defined by the condition n e < n c and increases with peak laser intensity for a given target material and thickness. Fig. 5f , the electrons are deflected to form a similarly striped pattern, interleaved with the laser stripes. The periodicity of this grating-like structure is 1.2 µm. Evolving structures of this type may find application in driving secondary radiation sources.
RESULTANT MAGNETIC FIELD STRUCTURES AND ANALOGOUS SYSTEMS
Our results provide the first demonstration that intense laser light is strongly diffracted in thin foils undergoing RIT and that the plasma electrons collectively respond to the resulting near-field diffraction pattern. It is shown that through suitable choice of laser drive parameters the spatial-intensity distribution of a high current beam of relativistic electrons can be modified and that rotational, time-dependant structures can be induced.
This opens up a new direction in spatial and temporal control of electron motion in dense plasma and by extension the evolution of the high fields used to accelerate charged particles and to produce high energy radiation.
These dynamic diffraction effects can give rise to interesting and potentially useful magnetic field structures. By observing the resultant magnetic field from the circularly polarized laser-diffraction and collective plasma behaviour, it can be seen that the magnitude of the magnetic field becomes helical in structure, tightly precessing at a radius close to that of the plasma aperture (0.75 µm), as shown in Fig. 6a . When compared to the magnetic field generated by a lower intensity (but otherwise identical) circularly polarized laser, propagating through a comparable fixed circular aperture of 0.75 µm radius (i.e. no plasma; Fig. 6b ), it is clear that the diffraction effects play a key role in the formation of such a magnetic field structure. This magnetic field is shown in both cases 30 fs after the peak laser intensity has propagated through the aperture. The laser pulse propagating through the fixed aperture produces a magnetic field which is strongest close to the aperture, reducing as the beam expands. By contrast, in the relativistic plasma aperture case the magnetic field is strong over a longer range and is more helical, suggesting that the field is modified by the induced plasma current structure.
The underlying physics of the collective plasma effects on the magnetic field will be the subject of future investigation.
The current and field structures produced in this way could be used to generate laboratory analogues of astrophysical phenomena. Similar magnetic field structures have been detected in jets originating from active galactic nuclei, such as 3C 273 [34] . Such structures are commonly identified as being generated from the rotation of the accretion disk, whilst the analogous structures seen here arise from the rotation of the diffraction pattern. Further similarities to these jets can be observed in that the highest momentum component of the accelerated electrons occur along the central laser axis. Surrounding this region, the electron momentum reduces, as seen in Fig. 6 , resulting in an electron beam with properties similar to that of the spine-sheath jet morphology [35] .
In another example, similar helical magnetic fields as those in Fig. 6 have been artificially generated using field coils within centimetre-scale plasma and shown to excite electron whistler modes [36] . It is therefore possible that within the circularly polarized laser-plasma interaction that similar whistler modes are being generated.
The present work reveals a new phenomenon in relativistic plasma optics. It provides new insight into fundamental aspects of laser-matter interactions in the relativistic intensity regime and identifies the emergence of optically controlled dynamic current structures in dense plasma. This stimulates the exploration of new avenues in laboratory astrophysics and in novel radiation and particle source development.
METHODS

Experiment
The experiment results were obtained using the Gemini [31] Ti:sapphire laser at Rutherford Appleton Laboratory in the UK. The central wavelength is optimized at 800 nm and the pulse duration was 40 fs (FWHM). The laser beam was focused along target normal onto the front surface of 10 nm-thick aluminium foils, using an off-axis f /2 parabola, to a focal spot diameter of 3 µm (FWHM). The laser pulse energy was 2 J, giving a calculated peak intensity of 6×10 20 Wcm −2 . A double plasma mirror configuration was used to enhance the intensity contrast to ∼10 11 and ∼10 8 , at 1 ns and 5 ps, respectively, prior to the peak of the pulse. A deformable mirror was used prior to the focusing parabola to ensure a high quality focal spot on target. Thin mica wave plates were used to switch between linear (∆θ = 0), elliptical (∆θ = π/4) and circular (∆θ = π/2) polarization, where ∆θ is the phase difference between the two orthogonal components of the laser beam. The 2D spatial-intensity distribution of the electron beam was measured 3 cm downstream from the target using passive stacked layers of Fujifilm imaging plate, interleaved with iron filters to provide energy filtering. The filtering before the first layer is sufficient to prevent the detection of any protons or heavier ions produced.
Analytical modelling
The analytical modelling of the diffraction pattern produced by a laser pulse passing through a circular aperture, as shown in Fig. 1 , was performed using Hertz Vector Diffraction Theory (HVDT) [30] . With this vectorial model, values for the electromagnetic field can be obtained not only in the plane of the aperture but also downstream.
The near-field diffraction pattern, in the region of maximum interaction between the laser and the plasma electrons, is of particular interest here. Although other analytical models like the scalar Rayleigh-Sommerfeld [37] or Fresnel-Kirchhoff [38] models can be used to study diffraction induced by an aperture, they work in the limit that the aperture radius is much bigger than the laser wavelength, that the electric field in the plane of the aperture is known and involve a scalar treatment of the diffracted light. We use the HVDT model to avoid these limitations.
The analytical results reported in Fig. 2k 
Simulations
The simulations were performed using the fully relativistic 3D EPOCH particle-in-cell 
